Data underlying this study cannot be made publicly available due to legal and ethical restrictions, imposed by the Administration of Children, Youth, and Families, USDHHS, the Health Resources and Services Administration, and the Oklahoma University Health Sciences Center (OUHSC) IRB, as the data contains potentially identifying, sensitive participant information. Data requests can be sent to the Oklahoma University Health Sciences Center Institutional Review Board and Director of Office of Human Research Participant Protection (<donna-hogan@ouhsc.edu>).

Introduction {#sec001}
============

Major depression disorder (MDD) is prevalent among women and is correlated with poor health and psychosocial outcomes for both mothers and the children under their care \[[@pone.0209735.ref001], [@pone.0209735.ref002]\]. Depressed women have poorer health, psychosocial outcomes and lower quality of life than non-depressed women \[[@pone.0209735.ref003], [@pone.0209735.ref004]\]. Children of depressed mothers are more likely to exhibit general difficulties in functioning, attachment problems, and develop mood disorders than children of non-depressed mothers \[[@pone.0209735.ref005], [@pone.0209735.ref006]\]. These negative outcomes for both mother and child make the accuracy of MDD detection critical for the identification of malleable risk factors with intervention potential that could aid MDD prevention efforts.

The results of five meta-analyses of factors associated with maternal MDD have classified the magnitude of effects as being small (obstetric and pregnancy complications, cognitive attributions, relationship problems and social economic status), moderate (childcare stress, low self-esteem, and neuroticism) and strong (stressful life events, lack of social support, maternal age and a history of depression)\[[@pone.0209735.ref007]--[@pone.0209735.ref011]\]. Most of these factors are prevalent among socially disadvantaged women, potentially resulting in large numbers of mothers developing MDD and consequently a substantial public health burden.

To address this issue, all 50 states have now adopted home visitation programs to support socially disadvantaged mothers and enhance efforts to improve maternal and child health outcomes (including reduction of the burden of MDD)\[[@pone.0209735.ref002], [@pone.0209735.ref012], [@pone.0209735.ref013]\]. In order to maximize the potential benefit of home visitation programs, it is essential to accurately identify which factors are associated with MDD, so that modifiable factors are intervened on to reduce the risk of MDD. Significant bivariate associations between MDD and trauma history\[[@pone.0209735.ref014], [@pone.0209735.ref015]\], young maternal age\[[@pone.0209735.ref012], [@pone.0209735.ref014]\], history of intimate partner violence\[[@pone.0209735.ref016]\], parent distress\[[@pone.0209735.ref016], [@pone.0209735.ref017]\], history of child abuse\[[@pone.0209735.ref014], [@pone.0209735.ref015]\] and anxiety/distrust problems\[[@pone.0209735.ref012]\] have been reported in studies conducted among high risk populations in home visitation settings. However, these results may be biased by the presence of confounders such as period of MDD assessment (prenatal versus postnatal). Moreover, most of these associations are based on MDD assessments using imperfect (i.e. less than 100% sensitivity and specificity) case-finding instruments.

MDD case-finding instruments rely on the self-report of MDD-related symptoms which is particularly prone to misclassification error because mothers are likely to report what is expected of them (social desirability bias), may interpret MDD symptom descriptions differently according to their cultures\[[@pone.0209735.ref018]--[@pone.0209735.ref020]\] and may confuse MDD symptoms with normal symptoms felt by women during the prenatal and postnatal period \[[@pone.0209735.ref021]\]. Additionally, the reliability of MDD case-finding instrument symptom assessments within and between reporters (mothers) vary widely \[[@pone.0209735.ref013], [@pone.0209735.ref022]--[@pone.0209735.ref024]\].

The validity (i.e. sensitivity and specificity) of MDD case-finding instruments also vary depending on cutoff-point thresholds and period of MDD assessment \[[@pone.0209735.ref025]\]. The resulting false positives and negatives (misclassification error) can over or under-estimate the prevalence of MDD \[[@pone.0209735.ref026]\] and consequently measures of association between risk factors and MDD \[[@pone.0209735.ref027], [@pone.0209735.ref028]\].

In the context of home visitation programs, MDD case-finding instruments (e.g. Center for Epidemiologic Studies Depression Scale--Short Form---*CESD-SF*) are conducted at home \[[@pone.0209735.ref029]\], which by itself could increase or reduce the level of misclassification error compared to structured diagnostic interviews (based on Diagnostic and Statistical Manual of Mental Disorders criteria for MDD) in a clinical setting. Indeed, it is possible that a mother would feel uncomfortable admitting to some of the symptoms measured in the MDD case-finding instrument in front of her children, partner or other household members. She may also feel less at ease admitting to such symptoms in front of a home visitor, who often lacks the training needed to identify and address depressive symptoms.

We recently applied Bayesian latent class methodology to estimate the impact of misclassification error on the estimated prevalence proportion of MDD among mothers of young children (0--5 years old) during prenatal and postnatal periods; our findings showed that combining these periods confounded bias estimates (i.e. amount by which the prevalence proportion was under- or over-estimated) \[[@pone.0209735.ref026]\]. To our knowledge, no study has examined the individual or joint impact of misclassification error and confounding by period of MDD assessment on measures of association between suspected risk factors and MDD in home visitation settings or among women in general. Therefore, the objective of our study is to extend our previous work \[[@pone.0209735.ref026]\] by examining (1) the impact of CESD-SF case-finding instrument misclassification error, and (2) the joint impact of misclassification error and confounding by period of MDD assessment on measures of association between MDD and suspected risk factors among mothers of young children enrolled at two home visitation program study sites. We also compare and contrast the impact of these issues between the two study sites.

Methods and procedures {#sec002}
======================

Oklahoma University Health Sciences Center IRB approved study related procedures and activities.

Data source {#sec003}
-----------

This study is a secondary analysis of the baseline component of two ongoing home visitation studies targeting mothers of young children in Oklahoma, which targeted two distinct populations. One study site, SITE I, targeted a diverse racial/ethnic mix of low-income mothers while the other, SITE II, targeted a population of low-income, first and second-generation Hispanic immigrant mothers. The objective of these studies was to examine the effectiveness of evidence-based home visitation programs on improving parent-infant/child outcomes such as prevention of child maltreatment, reducing parent substance and alcohol abuse, intimate partner violence and parenting stress. The two study populations had very different distributions of risk factors and frequency of MDD \[[@pone.0209735.ref026]\], which resulted in important differences in the measures of association between the sites. This led to the decision to report the results separately for the two study sites.

Study design {#sec004}
------------

The baseline components of two conveniently chosen ongoing home visitation study sites were analyzed as cross-sectional designs. Baseline data were collected between December 2010 and December 2014 from consecutively enrolled mothers of children aged five years or younger.

Study setting {#sec005}
-------------

Participants in the ongoing home visitation studies were recruited from physician offices, medical centers, faith-based organizations, schools, mental health agencies, other HV programs, and welfare programs (e.g. Women, Infants and Children program) in Oklahoma City. At baseline, prior to enrollment in home visitation services, mothers completed a battery of questionnaires including questions on basic socio-demographic information, family and social supports, history of intimate partner violence, childhood maltreatment and MDD symptoms (using the CESD-SF). These questionnaires were completed using an audio computer assisted self-interview (ACASI) application with assistance from a trained data collector if needed.

Study participants {#sec006}
------------------

The three inclusion criteria for the current analysis were: 1) being a mother, 2) having at least one child who was five years old or younger at baseline (pregnant women with no other children were ineligible), and 3) having a completed *CESD-SF* at baseline. For our study analyses, because we focused on baseline data, miscarriages, stillbirth or death of children after baseline assessments did not influence our study findings.

Informed verbal and written consent was obtained from all eligible study participants. For minors, involved in the study, we obtained their verbal and written consent as well as that of their parents or guardians. Differences in the distribution of study characteristics at the two study sites (SITE I and II) were examined and are summarized elsewhere \[[@pone.0209735.ref026]\].

MDD outcome ascertainment {#sec007}
-------------------------

The operational definition of MDD status was determined using the CESD-SF. Here, the results of the CESD-SF are not used as a diagnosis of MDD but rather are indicative of the presence of MDD-related symptoms. Only a qualified health professional can diagnose MDD through a more thorough diagnostic interview. Mothers at baseline completed the CESD-SF in English or Spanish prior to initiation of home visitation services. The CESD-SF is a 12-item multi-choice instrument designed to assess if an individual has exhibited some level of MDD-related symptoms during the past week with scores ranging from 0 to 36 \[[@pone.0209735.ref029]\]. The CESD-SF is derived from the 20-item scale originally developed as a measure of MDD-related symptoms in community-based epidemiological studies \[[@pone.0209735.ref029], [@pone.0209735.ref030]\]. This instrument has been used to screen for MDD during the prenatal, postnatal and combined periods \[[@pone.0209735.ref031]--[@pone.0209735.ref033]\]. Having moderate MDD symptoms was defined operationally as a CESD-SF score of 10 or above \[[@pone.0209735.ref029]\]. This threshold is comparable to the cut-off point threshold of 16 (≥16) on the CESD20 \[[@pone.0209735.ref029]\]. The CESD-SF showed good internal consistency (Cronbach's alpha) for the assessment of depression-related symptoms at both SITE I (0.92) and II (0.93).

We operationally define periods of MDD assessment among study participants as 'prenatal' or 'postnatal' depending on whether the CESD-SF baseline assessment were administered during pregnancy or after childbirth, respectively. Eligible pregnant women or mothers had at least one child who was five years old or younger. In this study, the term the 'misclassification error' refers to the incorrect classification of an individual as either a false positive or false negative by the CESD-SF. 'Confounding by period of MDD assessment' refers to the distortion of the relationship (measured by the prevalence proportion ratio) between an individual's true MDD status and suspected risk factor as a function of the differential proportion distribution of assessments (prenatal versus postnatal) among individuals with and without a risk factor of interest.

Measurement and definition of suspected risk factors {#sec008}
----------------------------------------------------

Information on suspected MDD risk factors (e.g. socio-demographic characteristics, adequacy of family resources and social support, history of childhood maltreatment and intimate partner violence) is derived from self-report questionnaires administered at baseline. Factors that have been previously identified as risk factors for MDD among mothers were examined \[[@pone.0209735.ref002]\]. Self-reported race and ethnicity was categorized as White, Black, and Other (i.e. Hispanic, Native American and Asians). The adequacy of resources in households with children and the degree to which a respondent's social relationships provide various dimensions of social support were measured using the 30-items Family Resources Scale-Revised \[[@pone.0209735.ref034]\] and the 12-items Social Provisions Scale-Short Form \[[@pone.0209735.ref035]\], respectively. A history of childhood maltreatment was determined based on a self-report of any child abuse or neglect event that occurred during a mother's childhood. Presence of intimate partner violence (among mothers who reported being in a relationship at baseline) was determined based on a self-report of physical assault by a partner (i.e. physical assault victimization sub-scale) in the past six months on the Conflict Tactics Scale Second version \[[@pone.0209735.ref036]\].

Statistical analysis {#sec009}
--------------------

Measures of association (estimated by prevalence proportion ratios) were generated for each study site separately since they targeted very different populations of mothers and the impact of the different risk factors were expected to vary between sites. Prevalence proportion ratios (PPRs) were obtained by comparing prevalence proportions between sub-groups defined by levels or categories of a characteristic/risk factor to a reference sub-group (i.e. PPR = prevalence proportion in sub-group 1/ prevalence proportion in sub-group 2 \[reference group\]).

The Bayesian latent class models used for the estimation of prevalence proportions are described in our previous study \[[@pone.0209735.ref026]\]. Briefly, the probability of a test result and probability of MDD are related via conditional probability concepts as follows: P (T^+^) = P (T^+^\|D^+^) P (D^+^) + P (T^+^\|D^-^) P (D^-^) where P(T^+^) corresponds to the proportion of participants testing positive for MDD (observed prevalence), P (T^+^\|D^+^) to the sensitivity of the test, P (T^+^\|D^-^) corresponds to one minus the specificity of the test, and P (D^+^) to the true prevalence of MDD.

Therefore, P (D+) = (P (T^+^\|D^+^) + P (T^-^\|D^+^))/ (P (T^+^\|D^+^) + P (T^+^\|D^-^) + P (T^-^\|D^-^) + P (T^-^\|D^+^)). In the absence of a gold standard, this equation cannot be solved directly since there are three unknown parameters (sensitivity, specificity and true prevalence) but only one degree of freedom from the observed data (number of positive tests out of the total sample size fixes the number testing negative). A Gibbs sampler is used to randomly sample the joint posterior density of the parameters of interest (sensitivity, specificity and true prevalence) which is the product of the likelihood of the data (latent and observed) and prior distributions of all parameters. The samples from the joint posterior distribution are then used to generate the marginal posterior densities of prevalence proportion, sensitivity and specificity parameters.

For PPR estimation, all investigated risk factors were dichotomized. The FRS and SPS scales were dichotomized based on the median value of the participants' scores to represent high versus low family resources and social support respectively. Marital status was dichotomized into married or living with a partner versus single (i.e. never married, divorced, separated or widowed). Being born in the US, having healthcare insurance, history of childhood maltreatment and history of intimate partner violence were dichotomized as yes/no variables. Educational level was dichotomized as attainment of high school or General Education Development (GED) equivalent or higher versus less than a high school diploma/GED. Employment status was dichotomized as full or part-time versus unemployed and maternal age was dichotomized (based on the median age of 25 years old).

For each sub-group defined by the presence or absence of a characteristic, the MDD prevalence proportions were obtained using a Bayesian latent class analysis model in the absence of a 'gold standard' with and without adjustment for CESD-SF misclassification error and confounding by period of MDD assessment. The median estimate of the posterior density distribution of each PPR for each investigated characteristic including its 95% Bayesian Credible Interval (95%BCI) were obtained separately. The 95% BCIs give us the 95% probability coverage range of median PPR values. [S1 File](#pone.0209735.s001){ref-type="supplementary-material"} shows the WinBUGS program code used to generate these estimates.

Convergence was assessed by examining the plots of chain histories, the results from the Geweke test \[[@pone.0209735.ref037]\], Heidelberger-Welch stationary test \[[@pone.0209735.ref038]\], and Gelman-Rubin test \[[@pone.0209735.ref039]\]. WinBUGS software (version 1.4.3, MRC Biostatistics Unit, Cambridge, UK) was used to implement the Bayesian latent class models \[[@pone.0209735.ref040]\].

Handling of missing data {#sec010}
------------------------

WinBUGS automatically simulates values for missing observations according to the specified likelihood distribution (in our case---binomial distribution), conditional on the current values of all relevant unknown parameters (i.e. prevalence proportions and PPRs) described above.

Prior distributions {#sec011}
-------------------

Informative prior estimates of CESD-SF sensitivity and specificity among mothers of young children were based on a previous systematic review where the posterior estimates of sensitivity and specificity were obtained for CESD20 with consideration for misclassification error in the reference standards \[[@pone.0209735.ref041]\]. Only one study, Tandon et al \[[@pone.0209735.ref033]\], provided prenatal and postnatal period specific diagnostic performance estimates. The period-specific posterior estimates derived from a Bayesian Hierarchical Summary Receiver-Operating Characteristic Curve (HSROC) meta-analysis model \[[@pone.0209735.ref041]\] are considered as prior information ([Table 1](#pone.0209735.t001){ref-type="table"}). Informative priors are a key part of Bayesian inference that represent information about an uncertain parameter (in our case the sensitivity and specificity estimates of the CESD-SF). These priors are combined with the probability distribution of new data (True Positives, True Negatives, False Positives, and False Negatives) to yield a posterior distribution of case-finding instrument sensitivity and specificity estimates from which summary estimates of parameters (i.e. median prevalence proportion, PPRs and 95% Bayesian Credible Intervals \[BCI\]) are estimated.

10.1371/journal.pone.0209735.t001

###### Mean and standard deviation of prior distributions used for CESD-SF parameters (with and without correcting for reference standard misclassification error) used in Bayesian latent class models.
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  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study: Assessment Period   Estimates     Mean (SD)\                                                                                          Mean (SD)\
                                           priors ignoring misclassification in the reference standard[^a^](#t001fn001){ref-type="table-fn"}   priors adjusted for misclassification error in the reference standard[^b^](#t001fn002){ref-type="table-fn"}
  -------------------------- ------------- --------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------
  Prenatal                   Sensitivity   0.73(0.12)                                                                                          0.89(0.11)

  Specificity                0.83(0.07)    0.91(0.07)                                                                                          

  Postnatal                  Sensitivity   0.82(0.07)                                                                                          0.93(0.07)

  Specificity                0.85(0.05)    0.93(0.05)                                                                                          

  Combined                   Sensitivity   0.67 (0.08)                                                                                         0.77(0.12)

  Specificity                0.89(0.03)    0.97(0.03)                                                                                          
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^Prior estimates from: Tandon SD, Cluxton-Keller F, Leis J, Le HN, Perry DF. A comparison of three screening tools to identify perinatal depression among low-income African American women. J Affect Disord. 2012; 136(1--2):155--62. doi: [10.1016/j.jad.2011.07.014](https://doi.org/10.1016/j.jad.2011.07.014).

^b^Prior estimates from: Owora AH, Carabin H, Reese J, Garwe T. Summary diagnostic validity of commonly used maternal major depression disorder case finding instruments in the United States: A meta-analysis. J Affect Disord. 2016; 205:335--43. doi: [10.1016/j.jad.2016.08.014](https://doi.org/10.1016/j.jad.2016.08.014).

Bias estimation {#sec012}
---------------

Bias was measured as the median and 95% Bayesian Credible Interval (95%BCI) of the difference between the observed PPR \[P (T^+^)~1~/ P (T^+^)~2~\] and the misclassification error-adjusted PPR \[P (D^+^)~1~/ P (D^+^)~2~\]. The 95%BCI is interpreted as the 95% probability coverage of the true median bias \[Bias = P (T^+^)~1~/ P (T^+^)~2~ minus P (D^+^)~1~/ P (D^+^)~2~\] value assuming adequate statistical model and prior distribution assumptions. Two estimates of misclassification error-adjusted PPR estimates were examined.

The first misclassification error-adjusted PPR estimate (without adjustment for confounding by period of MDD assessment) was generated by (a) combining data across prenatal and postnatal periods, and (b) using prior values based on combined periods to compare MDD prevalence proportions in risk factor sub-groups (i.e. prevalence proportion~1~ / prevalence proportion~2~)

The second misclassification error-adjusted PPR estimate (with adjustment for confounding by period of MDD assessment) was generated by (a) separating data into prenatal versus postnatal period MDD assessments and (b) using period-specific prior values to compare MDD prevalence proportions in risk factor sub-groups (i.e. prevalence proportion~1(prenatal\ +\ postnatal)~ / prevalence proportion~2(prenatal\ +\ postnatal)~).

Results {#sec013}
=======

Study population {#sec014}
----------------

As of December 31 2014 (date analytical sample was obtained), 429 and 687 referrals had been received by SITE I and II, respectively; 318 (74%) and 467 (68%) were eligible. Among eligible participants, 179 (56%) and 341 (73%) mothers were successfully recruited into the study and completed baseline assessments at SITE I (low income mothers who were US residents) and SITE II (recent Hispanic immigrant mothers), respectively. Most socio-demographic characteristics differed between the two study sites \[[@pone.0209735.ref026]\]. Specifically, there were older (\>25 years old), more married (or living with a partner), less high school graduates, more foreign-born mothers at SITE II than SITE I (*p*\<0.05).

Observed measures of association (PPR) between maternal MDD and suspected risk factors {#sec015}
--------------------------------------------------------------------------------------

The measures of association (i.e. PPR) of investigated risk factors were quite different between the study sites (Tables [2](#pone.0209735.t002){ref-type="table"} and [3](#pone.0209735.t003){ref-type="table"}: crude estimates). Being single, having a history of intimate partner violence, low levels of social supports and family resource were associated with a higher prevalence of MDD at SITE I ([Table 2](#pone.0209735.t002){ref-type="table"}). At SITE II, in addition to risk factors identified at SITE I, having a history of childhood maltreatment and unemployment were also associated with MDD ([Table 3](#pone.0209735.t003){ref-type="table"}). Overall, the prevalence of MDD was 50% higher at SITE I than II (PPR: 1.50; 95% BCI: 1.23; 1.83).

10.1371/journal.pone.0209735.t002

###### Crude and misclassification error adjusted measures of association between suspected risk factors and MDD based on CESD-SF self-reports across socio-demographic factors at SITE I.
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  --------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                  SITE I \[N = 179\]\                   BIAS\                                                                 
                                  Prevalence Proportion Ratio \[PPR\]   95% BCI                                                               
  ------------------------------- ------------------------------------- --------------------- ---------------------- ------------------------ ------------------------
  Period                                                                                                                                      

  Prenatal                        Ref                                   Ref                   Ref                                             

  Postnatal                       1.04\[0.75, 1.64\]                    0.93 \[0.64, 1.50\]   0.97 \[0.44, 1.73\]    -0.02 \[-0.64, 0.55\]    -0.02 \[-0.82, 0.65\]

  Maternal Age                                                                                                                                

  \<25 years                      Ref                                   Ref                   Ref                                             

  ≥25 years                       1.05 \[0.79, 1.37\]                   1.04 \[0.79, 1.40\]   1.07 \[0.77, 1.59\]    -0.01 \[-0.42, 0.44\]    -0.02 \[-0.59, 0.45\]

  Race/Ethnicity                                                                                                                              

  NH, White                       Ref                                   Ref                   Ref                                             

  NH, Black                       0.54\[0.33, 0.88\]                    0.54 \[0.28, 0.85\]   0.51 \[0.22, 0.87\]    0.02 \[-0.38, 0.42\]     0.06 \[-0.37, 0.47\]

  Others                          0.81\[0.61,1.06\]                     0.81 \[0.61, 1.08\]   0.80 \[0.57, 1.21\]    -0.01 \[-0.33, 0.33\]    0.02 \[-0.35, 0.37\]

  Marital Status                                                                                                                              

  Married/Living with a Partner   Ref                                   Ref                   Ref                                             

  Single                          1.56 \[1.13, 2.15\]                   1.58 \[1.15, 2.38\]   1.73 \[1.19, 3.28\]    -0.04\[-0.93, 0.71\]     -0.16 \[-1.75, 0.70\]

  IPV                                                                                                                                         

  No                              Ref                                   Ref                   Ref                                             

  Yes                             2.10 \[1.72, 2.56\]                   2.17 \[1.21, 4.80\]   2.60 \[1.27, 12.87\]   -0.08 \[-2.78, 1.90\]    -0.47 \[-10.67, 1.90\]

  History of CM                                                                                                                               

  No                              Ref                                   Ref                   Ref                                             

  Yes                             1.26 \[0.95, 1.70\]                   1.26 \[0.94, 1.76\]   1.34 \[0.95, 2.16\]    -0.01 \[-0.60, 0.53\]    -0.07 \[-0.93, 0.55\]

  HS/GED                                                                                                                                      

  No                              Ref                                   Ref                   Ref                                             

  Yes                             1.33 \[1.16, 1.51\]                   1.34 \[0.95, 2.18\]   1.48 \[0.96, 3.11\]    -0.03 \[-0.91, 0.76\]    -0.10 \[-1.76, 0.84\]

  Employment                                                                                                                                  

  Unemployed                      Ref                                   Ref                   Ref                                             

  Full-time/Part-time employed    0.77 \[0.66, 0.87\]                   0.77 \[0.51, 1.08\]   0.77 \[0.48, 1.12\]    0.01 \[-0.39, 0.40\]     0.03 \[-0.40, 0.44\]

  HealthCare Insurance                                                                                                                        

  No                              Ref                                   Ref                   Ref                                             

  Yes                             1.47\[1.03, 2.20\]                    1.49 \[1.03, 2.50\]   1.30 \[0.82, 3.24\]    -0.03 \[-1.12, 0.86\]    -0.07 \[-2.00, 0.83\]

  Place of birth                                                                                                                              

  Foreign-born                    Ref                                   Ref                                                                   

  US born                         1.67 \[1.03, 3.31\]                   1.71 \[1.04, 3.86\]   2.00 \[1.09, 8.38\]    -0.06 \[-2.18, 1.54\]    -0.25 \[-6.57, 1.78\]

  Social Support                                                                                                                              

  1^st^ & 2^nd^ Quartile          Ref                                   Ref                   Ref                                             

  3^rd^ & 4^th^ Quartile          0.65\[0.49,0.85\]                     0.64 \[0.47, 0.85\]   0.60 \[0.41, 0.83\]    0.01 \[-0.25, 0.27\]     0.05 \[-0.23, 0.32\]

  Family Resource                                                                                                                             

  1^st^ & 2^nd^ Quartile          Ref                                   Ref                   Ref                                             

  3^rd^ & 4^th^ Quartile          0.76 \[0.59, 0.99\]                   0.76 \[0.56, 1.01\]   0.75 \[0.53, 1.07\]    \<0.01 \[-0.31, 0.31\]   0.03 \[-0.34, 0.36\]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------

ME, misclassification error; PPR, Prevalence proportion ratio; CM, Childhood maltreatment; HS, High School; GED, General Equivalency Diploma; NH, Non-Hispanic; IPV, Intimate partner violence

^a^crude PPR estimates are based on non-informative priors and ignore both misclassification error (i.e. assume 100% CESD-SF sensitivity and specificity) and confounding by period of MDD assessment

^b^misclassification error adjusted PPR estimates ignoring confounding by period of MDD assessment

^c^misclassification error adjusted PPR estimates adjusted for confounding by period of MDD assessment

10.1371/journal.pone.0209735.t003

###### Crude and misclassification error adjusted measures of association between suspected risk factors and MDD based on CESD-SF self-reports across socio-demographic factors at SITE II.
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  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                  SITE II \[N = 341\]\                  BIAS\                                                                  
                                  Prevalence Proportion Ratio \[PPR\]   95% BCI                                                                
  ------------------------------- ------------------------------------- --------------------- ---------------------- ------------------------- ------------------------
  Period                                                                                                                                       

  Prenatal                        Ref                                   Ref                   Ref                                              

  Postnatal                       1.07\[0.95, 1.23\]                    1.09 \[0.72, 1.84\]   0.91 \[0.21, 2.07\]    -0.01 \[-0.81, 0.68\]     -0.02 \[-1.19, 0.81\]

  Maternal Age                                                                                                                                 

  \<25 years                      Ref                                   Ref                   Ref                                              

  ≥25 years                       0.76\[0.57, 1.02\]                    0.75 \[0.53, 1.03\]   0.72 \[0.45, 1.15\]    0.02 \[-0.32, 0.35\]      0.04 \[-0.42, 0.44\]

  Marital Status                                                                                                                               

  Married/Living with a Partner   Ref                                   Ref                   Ref                                              

  Single\*                        1.61\[1.16, 2.16\]                    1.67 \[1.67, 2.38\]   1.84 \[1.26, 3.88\]    -0.06 \[-0.86, 0.63\]     -0.24 \[-2.29, 0.56\]

  IPV                                                                                                                                          

  No                              Ref                                   Ref                   Ref                                              

  Yes                             1.75\[1.56, 1.97\]                    1.85 \[1.26, 2.91\]   2.09 \[1.32, 5.98\]    -0.09 \[-1.25, 0.82\]     -0.35 \[-4.23, 0.73\]

  History of CM                                                                                                                                

  No                              Ref                                   Ref                   Ref                                              

  Yes                             2.19 \[1.94, 2.47\]                   2.33 \[1.64, 4.52\]   3.15 \[1.89, 17.74\]   ---0.19 \[-2.38, 0.98\]   -0.77 \[-15.31, 0.96\]

  HS/GED                                                                                                                                       

  No                              Ref                                   Ref                   Ref                                              

  Yes                             0.97 \[0.71, 1.34\]                   0.97 \[0.65, 1.37\]   1.02 \[0.62, 2.05\]    -0.01\[-0.47, 0.47\]      -0.02 \[-1.07, 0.52\]

  Employment                                                                                                                                   

  Unemployed                      Ref                                   Ref                   Ref                                              

  Full-time/Part-time employed    1.56\[1.13,2.07\]                     1.61 \[1.16, 2.29\]   1.77 \[1.20, 3.63\]    -0.05 \[-0.82, 0.63\]     -0.21 \[-2.07, 0.55\]

  HealthCare Insurance                                                                                                                         

  No                              Ref                                   Ref                   Ref                                              

  Yes                             0.88\[0.64, 1.24\]                    0.89 \[0.58, 1.28\]   1.03 \[0.60, 1.65\]    0.01 \[-0.46, 0.48\]      -0.01 \[-0.71, 0.57\]

  Place of birth                                                                                                                               

  Foreign-born                    Ref                                   Ref                   Ref                                              

  US born                         1.51 \[0.93, 2.14\]                   1.52 \[0.91, 2.26\]   1.66 \[0.95, 3.17\]    ---0.02 \[-0.95, 0.85\]   -0.17 \[-1.73, 0.78\]

  Social Support                                                                                                                               

  1^st^ & 2^nd^ Quartile          Ref                                   Ref                   Ref                                              

  3^rd^ & 4^th^ Quartile          0.70 \[0.50, 0.97\]                   0.65 \[0.43, 0.89\]   0.64 \[0.33, 1.22\]    0.08 \[\<0.01, 0.15\]     0.06 \[-0.15, 0.26\]

  Family Resource                                                                                                                              

  1^st^ & 2^nd^ Quartile          Ref                                   Ref                   Ref                                              

  3^rd^ & 4^th^ Quartile          0.44\[0.30,0.62\]                     0.40 \[0.20, 0.60\]   0.35 \[0.11, 0.58\]    0.04 \[-0.19, 0.32\]      0.10 \[-0.17, 0.39\]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------

ME, misclassification error; PPR, Prevalence proportion ratio; CM, Childhood maltreatment; HS, High School; GED, General Equivalency Diploma; NH, Non-Hispanic; IPV, Intimate partner violence

^a^crude PPR estimates are based on non-informative priors and ignore both misclassification error (i.e. assume 100% CESD-SF sensitivity and specificity) and confounding by period of MDD assessment

^b^misclassification error adjusted PPR estimates ignoring confounding by period of MDD assessment

^c^misclassification error adjusted PPR estimates adjusted for confounding by period of MDD assessment

Magnitude of bias in measures of association (PPR) ignoring confounding by period of MDD assessment {#sec016}
---------------------------------------------------------------------------------------------------

When all data were combined (i.e. prenatal and postnatal MDD assessments) and analyzed using diagnostic performance priors for the combined periods as a whole, the association between MDD and suspected risk factors seemed to be biased towards the null at both study sites (Tables [2](#pone.0209735.t002){ref-type="table"} and [3](#pone.0209735.t003){ref-type="table"}). Figs [1](#pone.0209735.g001){ref-type="fig"} and [2](#pone.0209735.g002){ref-type="fig"} are a visual illustration of the median and 95%BCIs of risk factor associations examined at SITE I and II, respectively.

![Crude and adjusted measures of association between suspected risk factors and MDD assessed by the CESD-SF at SITE I.\
Red diamond symbol---crude PPR estimates are based on non-informative priors and ignore both misclassification error (i.e. assume 100% CESD-SF sensitivity and specificity) and confounding by period of MDD assessment. Dark blue square symbol---misclassification error adjusted PPR estimates ignoring confounding by period of MDD assessment. Light green triangle---misclassification error adjusted PPR estimates adjusted for confounding by period of MDD assessment. HS- High school (or GED equivalent). ME- misclassification error.](pone.0209735.g001){#pone.0209735.g001}

![Crude and adjusted measures of association between suspected risk factors and MDD assessed by the CESD-SF at SITE II.\
Red diamond symbol---crude PPR estimates are based on non-informative priors and ignore both misclassification error (i.e. assume 100% CESD-SF sensitivity and specificity) and confounding by period of MDD assessment. Dark blue square symbol---misclassification error adjusted PPR estimates ignoring confounding by period of MDD assessment. Light green triangle---misclassification error adjusted PPR estimates adjusted for confounding by period of MDD assessment. HS- High school (or GED equivalent). ME- misclassification error.](pone.0209735.g002){#pone.0209735.g002}

The prevalence of MDD was higher at SITE I than SITE II (PPR: 1.54; 95%BCI: 1.22, 2.00) indicating negligible bias (-0.04; 95% BCI: -0.56, 0.40).

For SITE I, the magnitude of bias was small but with substantial uncertainty for all the risk factors. The level of bias in risk factor measures of association (PPR) ranged from -0.08 (95%BCI: -2.78, 1.90) for intimate partner violence \[under-estimation of PPR\] to 0.02 (95%BCI: -0.38, 0.42) for race/ethnicity comparisons \[over-estimation of PPR\]. For level of education, employment status, and FRS, the adjustment for misclassification error shifted the posterior distribution of PPRs towards one and reduced their 95% probability coverage (95% BCI). Having a history of intimate partner violence (adjusted PPR: 2.17; 95%BCI: 1.21; 4.80), healthcare insurance (adjusted PPR: 1.49; 95%BCI: 1.03; 2.50), being born in the US (adjusted PPR: 1.71; 95%BCI: 1.04; 3.86) and being a single mother (adjusted PPR: 1.58; 95%BCI: 1.15; 2.38) were associated with a higher prevalence of MDD. High scores of social support (SPS) were associated with a lower prevalence of MDD (adjusted PPR: 0.65; 95%BCI: 0.47; 0.85).

For SITE II, the magnitude of bias estimates were generally higher ranging from 0.08 (95%BCI: \<0.01, 0.15) for social support to -0.01 (95%BCI: -0.81; 0.68) for period of MDD assessment. Although, adjustment for misclassification error increased uncertainty (wider 95% BCI), all crude associations (i.e. crude PPRs) remained after misclassification error adjustment. For example, the association between MDD and employment status was 1.56 (95%BCI: 1.13; 2.07) for the crude PPR and 1.61 (95%BCI: 1.16; 2.29) for the adjusted PPR. Similar effects were observed for social support with crude PPR of 0.70 (95%BCI: 0.50; 0.97) and adjusted PPR of 0.65 (95%BCI: 0.42; 0.89). Other factors associated with a higher prevalence of MDD included: being single, a history of intimate partner violence, and childhood maltreatment. High scores of family resources (FRS) and social support (SPS) were associated with a lower prevalence of MDD ([Table 3](#pone.0209735.t003){ref-type="table"}).

Magnitude of bias in measures of association (PPR) adjusted for CESD-SF misclassification error and confounding by period of MDD assessment {#sec017}
-------------------------------------------------------------------------------------------------------------------------------------------

Across the risk factors examined at both study sites, adjusting for the differential diagnostic performance of the CESD-SF during the prenatal and postnatal periods and the different proportions of mothers who had assessments in these periods showed that a higher magnitude of bias (Tables [2](#pone.0209735.t002){ref-type="table"} and [3](#pone.0209735.t003){ref-type="table"}) was present than was observed when the analysis was conducted on the combined periods. The prevalence of MDD was higher at SITE I than SITE II after adjusting for both misclassification error and the confounding by period of MDD assessment (PPR: 1.66; 95%BCI: 1.28; 2.78) than when only misclassification error was adjusted for (adjusted PPR: 1.54; 95%BCI: 1.23, 2.00).

At SITE I, the bias in the PPR ranged from -0.47 (95%BCI: -10.67, 1.90) for intimate partner violence to -0.02 (95%BCI: -0.82, 0.65) for period of MDD assessment ([Table 2](#pone.0209735.t002){ref-type="table"}). The high magnitude of bias for intimate partner violence resulted in an increase in the median PPR of nearly 23%, but also greater uncertainty (i.e. wider 95%BCI). Similar to the misclassification error-adjusted PPRs, PPRs adjusted for both confounding and misclassification error suggested a higher MDD prevalence among single mothers, those who reported intimate partner violence and White mothers (compared to Black mothers) with the exception of having healthcare insurance ([Table 2](#pone.0209735.t002){ref-type="table"}). Before adjustment for confounding, there was an association between MDD and healthcare insurance (misclassification error-adjusted PPR: 1.49; 95%BCI: 1.03; 2.50; Bias: -0.03; 95%BCI: -1.12; 0.86); however, joint adjustment for confounding and misclassification error resulted in a 95% PPR estimate probability coverage that overlaps one (adjusted PPR: 1.30; 95%BCI: 0.82; 3.24; Bias: -0.07; 95%BCI: -2.00; 0.83).

At SITE II, the bias in the PPR estimates was generally larger and ranged from -0.77 (95%BCI: -15.31; 0.96) for history of childhood maltreatment to 0.10 (95%BCI: -0.17; 0.39) for adequacy of family resources. Similar to SITE I, bias in risk factor measures of association was high and most variable for intimate partner violence (-0.77; 95%BCI: -15.31; 0.96). Compared to misclassification error-adjusted median PPR estimates, joint adjustment for both misclassification error and confounding suggested a much higher prevalence of MDD among mothers that were single, had a history of intimate partner violence, low family resource scores, childhood maltreatment, and unemployed ([Table 3](#pone.0209735.t003){ref-type="table"}). There was also more uncertainty in the joint misclassification error and confounding adjusted PPRs estimates (i.e. wider 95% BCIs). For some factors (e.g. social support), this increased uncertainty resulted in a 95% PPR estimate probability coverage whose posterior distribution overlapped one (misclassification error-adjusted PPR: 0.65; 95%BCI: 0.43; 0.89; Bias: 0.08; 95%BCI: \<0.01; 0.15) versus misclassification error and confounding-adjusted PPR: 0.64; 95%BCI: 0.33, 1.22; Bias: 0.06; 95%BCI: -0.15; 0.26).

Discussion {#sec018}
==========

This study is the first to demonstrate that misclassification error and confounding by period of MDD assessment (prenatal versus postnatal) can introduce bias and considerable uncertainty in estimating the association between potential risk factors and MDD among two distinct groups of mothers involved in home visitation programs. This analysis extends our previous work (i.e. impact of misclassification error on MDD prevalence proportion estimates) \[[@pone.0209735.ref026]\] to encompass measures of association (PPR) comparing prevalence proportions.

Our previous work \[[@pone.0209735.ref026]\] showed that when using prenatal and postnatal period specific sensitivity and specificity of the CESD-SF, associated misclassification error led to nearly no bias in *prevalence* estimates. In contrast, ignoring differences in CESD-SF sensitivity and specificity between these periods showed considerable *MDD prevalence bias*. Our current analyses extend this previous work to show that misclassification error and confounding by period of MDD assessment can also lead to the underestimation in some (e.g. intimate partner violence at SITE I and II) and overestimation in other (e.g. period of MDD assessment at SITE I and II) *measures of risk-factor associations (i*.*e*. *Prevalence Proportion Ratios)* with varying magnitudes depending on the source population of interest.

Our current findings show that failure to account for the differential diagnostic performance of the CESD-SF during prenatal and postnatal periods and associated confounding effects can erroneously create an impression of negligible bias and uncertainty in estimation of measures of association than actually exists. Indeed, as evidenced by the generally larger median bias estimates for suspected MDD risk factor associations based on the joint-adjustment for misclassification error and confounding versus adjustment for misclassification error only, the strength of an association could be underestimated or overestimated. Our results also suggest that adjustment for misclassification error and confounding come with the cost of diminished precision of PPR estimates; however, this could be due to the small sample sizes in our stratified sub-group analysis as illustrated by the study site comparisons examining the same risk factors (where, SITE I has a smaller sample size \[hence wider 95%BCI\] than SITE II).

Differential diagnostic performance of the CESD-SF between prenatal and postnatal periods was reflected in the prior values, which were based on a study by Tandon et al \[[@pone.0209735.ref033]\]. The sensitivity and specificity values for the CESD20 were similar in the prenatal and postnatal period, but differed when these periods were combined. When data from these periods are combined, sensitivity is underestimated while the specificity is overestimated compared to the period-specific estimates. When period-specific adjustments are made for misclassification error and then combined, a lower proportion of false negatives is presumed. This results in a lower or negligible impact of misclassification error adjustments on the magnitude of MDD prevalence estimates in the risk factor sub-groups (i.e. risk present versus absent) across assessment periods.

In light of the misclassification error that could result from the use of case-finding instrument cut-point thresholds to identify, compare and contrast mothers with and without MDD-related symptoms, the use of continuous scores from these instruments should be explored as an alternative approach to investigate risk factor associations in future research. While measurement error (i.e. misclassification involving a continuous scale test result) cannot be ruled out even when using case-finding instrument scores, this approach can provide a useful dose-response gradient at different levels or categories of suspected risk factors. This is central to determining "safe", "hazardous" or beneficial levels of modifiable factors with intervention potential.

The impact of confounding by period of MDD assessment on the extent of bias observed could be explained by the: 1) differential proportion distribution of mothers with a particular risk factor (characteristic) who had assessments in the prenatal versus postnatal periods and 2) differential diagnostic performance of the CESD-SF during these periods.

In our study, the impact of the differential proportion distribution of prenatal and postnatal mothers in risk factor categories or strata (i.e. presence versus absence of a characteristic) is illustrated by a 95% probability coverage indicative of a protective effect for high social supports scores on MDD (crude PPR) at SITE II. After adjustment for misclassification error, the median PPR was lower with a narrower 95%BCI indicating an attenuation effect. However, joint-adjustment for misclassification error and confounding resulted in a 95% probability coverage of the PPR that suggested a null association could not be ruled out. In this example, the proportion of mothers who had low levels social supports (i.e. 1^st^ and 2^nd^ quartiles) was 26% higher among mothers who had postnatal versus prenatal MDD assessments. Generally, although the median bias tended to increase after joint adjustment for misclassification error and confounding at both study sites (I and II), it did not do so all the time (e.g. social support at SITE II, where median bias decreased). This makes it challenging to predict the direction of bias on measures of association without valid data analysis (i.e. addressing outcome \[MDD\] misclassification error within categories of a confounder \[prenatal versus postnatal\].

Observed variations in the extent of bias on measures of association across different risk factors in our study data have been demonstrated before in a general population study. Findings from a study by Savoca \[[@pone.0209735.ref042]\] examining the impact of misclassification error on socio-demographic correlates of MDD using National Comorbidity Survey (NCS) data found that without adjustment for misclassified MDD diagnoses, the magnitude of the measure of association between gender and MDD (prevalence odds ratios) and marital status and MDD were underestimated by 42% and 60%, respectively. Unlike the validation approach (criterion standard based on psychiatrist diagnoses) used by Savoca, the use of the Bayesian approach in our study is a more cost efficient approach for the adjustment of misclassification error when examining epidemiological associations. That is, the Bayesian approach does not require re-administration of reference standards or use of experts to verify MDD diagnoses but rather uses existing information (as priors) to correct for and estimate impact of misclassification error on investigated associations.

Our study findings also reinforce the fact that some risk factors of MDD may be different in different source populations after adjustment for misclassification error and confounding by period of MDD assessment. Therefore, preventive interventions that are designed for specific populations may not necessary be ideal in other populations with potentially different indicators of MDD risk. As demonstrated by our results, characteristics such as adequacy of family resources may have a stronger protective association among low-income recent Hispanic immigrants (SITE II) than among US resident mothers (SITE I).

Study limitations {#sec019}
-----------------

One limitation of this study was that the eligibility criteria of the parent studies were such that only mothers at high risk of child maltreatment (an outcome correlated with MDD)\[[@pone.0209735.ref002]\] were recruited for home visitation services \[[@pone.0209735.ref043]\]. Therefore, because the study population may have been more homogenous than the general population of mothers, the observed magnitude of measures of association between suspected risk factors and MDD may be lower than those observed in general population studies. However, this probably had little impact on our assessment of misclassification error impact on measures of association (PPR).

Another limitation of the study is the fact that the CESD-SF uses a seven-day reference period for MDD symptoms (at baseline assessment). This probably underestimated the 'true' prevalence of MDD if symptoms present during 8 to 14 days prior to the interview disappeared the following week. However, because MDD symptoms (i.e. an episode of MDD) usually last for two to six months without treatment \[[@pone.0209735.ref044], [@pone.0209735.ref045]\], the impact of the short symptom reference period on risk factor associations investigated is likely small. Moreover, comparisons of sensitivity and specificity between one week and two week symptom reference period instruments have shown substantial overlap in previous studies \[[@pone.0209735.ref046]\].

Furthermore, the prior estimates used for the CESD-SF in our analysis are based on the assumption that the sensitivity and specificity values of the 20- and 12-item CESD instrument are comparable. Although this assumption is supported by validity equipoise between even shorter versions (2- and 5- item CESD instruments) of the 20-item CESD in previous literature \[[@pone.0209735.ref047]\], it is plausible that the use of CESD12 prior values may have resulted in different (but comparable) findings than those reported in this study. Ideally, while the use of prior values from a similar version of the 12-item CESD-SF is recommended, the impact of using CESD20 (versus CESD12) prior values on our findings is likely small but nonetheless cannot be ruled out.

Due to the small study sample sizes, simultaneous control for multiple potential confounding factors was not possible. This means reported misclassification adjusted PPR may be biased by potential confounders not controlled for other than period of MDD assessment. Future research should simultaneously examine the joint influence of misclassification error and confounding by other population characteristics on epidemiological associations.

Additionally, given the fact that only one test (CESD-SF) was examined in this study, the prior information suggested for sensitivity and specificity was not updated by the observed data. Moreover, the small sub-group sample sizes, especially after stratification by period of MDD assessment resulted in very uncertain posterior distribution summary estimates (i.e. wide 95% BCI for PPR estimates). Given the relatively high levels of uncertainty associated with our adjusted measures of associations (especially at SITE I), future studies or simulation studies with larger sample sizes are needed to further support recommendations for joint adjustment for misclassification error and confounding by period of MDD assessment. The use of multiple (or more than one) case-finding instrument to determine the operational definition of MDD could also be explored to reduce the level of uncertainty in observed measures of association.

It can also be argued that our study exposures or risk factors of interest (e.g. intimate partner violence) may have been misclassified. Such misclassification could be either differential (i.e. sensitivity and specificity of the violence assessment tool is different depending on a mother's MDD status) or non-differential (i.e. sensitivity and specificity of the violence assessment tool is the same irrespective of a mother's MDD status). Assuming non-differential misclassification of risk factors, our observed level of bias may be underestimated \[[@pone.0209735.ref048]\]. In contrast, the directionality and magnitude of bias under differential misclassification scenarios is not predictable. Future research (with larger sample sizes) should examine the composite effects of confounding, MDD and exposure (risk factor) misclassification on measures of association.

Despite these limitations, our study findings underscore the substantial impact differential misclassification error and confounding by period of MDD assessment can have on inferences regarding suspected MDD risk factors. Biased measures of association can result in poorly planned preventive interventions that ignore or miss etiologic risk factors related to MDD illness.

Supporting information {#sec020}
======================

###### WinBUGS Syntax for estimating crude and adjusted prevalence proportion ratios (PPR) summarizing the relationship between suspected risk factors and major depression disorder among mothers of young children.

(PDF)

###### 

Click here for additional data file.
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